Satellite/Sensor Geometry 

Lecture-1C (Rev-F) 
EEL-5432 Satellite Remote Sensing 



Lesson Objective 


To learn about satellite sensor geometry as it 
applies to remote sensing 

To be able to calculate sensor footprint on the 
earth’s surface 

- Instantaneous field of view (IFOV) 

• Ellipse size 

• Center location (lat/lng) 

• Incidence angle 

- Swath coverage for imaging sensor 

• Cross-track scanners 

• Conical scanners 



Orbit and Cross-Track Planes 

• Orbit and cross-track planes pass through the center of earth 

• Cross-track plane is perpendicular to the orbit plane 

• Contains the satellite and the sub-satellite point (and 
center of the Earth) 
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Sensor Incidence Plane 


The incident plane contains: 

1. Center of the Earth 

2. Satellite center of mass 

3. Antenna footprint on earth surface 

Thus, the antenna “line-of-sight” (red 
vector) lies in the incident plane 


Satellite 












Sensor Incidence Plane cont. 


Oblique Plane triangle: 

Side-A = radius of earth ( p e ) 
Side-B = slant range ( R) 
Side-C = hypotenuse ( p e + h) 

Angles 
Nadir ang = <j> 

Incidence ang = 0, 

Earth central ang = y 


Satellite 












Satellite/Sensor Geometry - Incidence Plane 


Law of Sines for oblique triangle 
R _ p p + h _ p + h 

siny sin^ sin(180°-6?) sin(0 ( .) 


Law of Cosines for oblique triangle 
R = \p 2 +(p + h) 2 -2 p(p + h) cosy] 


) Satellite 
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= nadir angle 
= incidence angle 
= earth central angle 
= earth radius 
= satellite altitude 
= slant range 















Satellite/Sensor Geometry - Incidence Plane [cont] 

















Geometry Parameters 


Lengths 

h 

Height of observer (altitude) 

R 

Slant range (line-of-sight distance from antenna to earth surface) 

P 

Radius of Earth = 6378.155 km 

E 

Earth’s gravitational constant =3.986 E+5 km 3 /s 2 

SW 

Swath width along curved Earth 


Angles 

Gi 

Incidence angle (measured in incident plane) 

0 

Cone (nadir) angle (measured in incident plane) 

y 

Earth central angle (measured in incident plane) 


Azimuth angle (measured in horizontal plane @ sub-sat point) 

P 

Sensor (antenna) half-power beamwidth angle (radians) 









Example: Circular Orbit Calculations 

(incident plane) 


h = 785.00 km, p = 6378.155 km, <t> = 39.02 
p = 3.986e5, a = p + h = 7163.155 km 

27TXa 3/ 2 

Orbit period = ——— = 6033.5 sec 


Incidence angle (0) = sin 


= 100.56 min 
. _! (P + h 


sin O = 45.0 ! 


Central angle (y) = 6 - = 5.98° 

Slant range (R) =px = 1055.07 kin 


sin<t> 


Satellite 



alternate approach = v 'p 2 + (p + h) 2 - 2p(p + h) cos y = 1055.07 km 









Satellite Orbital (V s/C ) and Ground Velocities (V g ) 

in the Orbit Plane 


Circular Orbit 


Satellite Velocity in 
plane of page 


The satellite lies in 
the orbit plane 


v s/c = ^ /a ) 1/2 

a = (p + h) , km 
p = 3.986 x 10 +5 , km 3 /sec 2 


Satellite 



V g = V s/c [p/(p + h)] 
Solved by similar triangles 


Center of the Earth 























Example: Circular Orbit Calculations - cont. 


Satellite Velocity in 
plane of page 



Orbit Plane 


h = 785.00 km,p = 6378.155 /cm, <P = 39.02 
/* = 3. 986e5, a = p + h = 7163.155 km 


Using similar triangle 


Satellite velocity (V sc ) = = 7.46 km/s 

Ground velocity (V*) = 14c x ~rrz = 6.64 km/s 








Example: Circular Orbit Calculations - cont. 


Satellite Velocity in 
plane of page 



Orbit Plane 


h = 785.00 km,p = 6378.155 /cm, <P = 39.02 
/* = 3. 986e5, a = p + h = 7163.155 km 


Using similar triangle 


Satellite velocity (V sc ) = = 7.46 km/s 

Ground velocity (Vg) = V S c x TTT = ^.64 km/s 


Note: if we incorrectly use Kepler’s law for a satellite altitude 
of zero m, the ground velocity would be 7.9 km/s 








Sensor Instantaneous Field of View (IFOV) or 
Antenna Footprint (in the incident plane) 



R p/cos 0 j 











Cross-Track Scanning Sensor 



Cross-Track Scanning Sensor Geometry 

Sensor antenna scans in the cross-track plane @ right-angle 
to the satellite velocity 


Polar View 

















Cross-Track Scanning Sensor IFOV’s 

(single scan) 

Sensor antenna scans in the cross-track plane 

(e.g., left to right) 

Circular Nadir beam 





Cross-Track Scanning Sensor IFOV’s 

(single scan) 


Sensor antenna scans in the cross-track plane 



•As the antenna beam scans off-nadir 

• Incidence angles, slant ranges & IFOV vary 

•At high earth incidence angles ( EIA ), IFOV’s become 

more elliptical and progressively over-lap 






Cross-Track Scanning Sensor IFOV’s 

(single scan) 


Sensor antenna scans in the cross-track plane 



As the antenna beam scans off-nadir 
• Incidence angles, slant ranges & IFOV vary 
•At high earth incidence angles ( EIA ), IFOV’s become 
more elliptical and progressively over-lap 






Cross-Track Imager Swath 


Cross-Track Scanning Imager 


Satellite Sub-track 

\ 



Sensor swath width 


Across-Track Scanning Sensor Geometry 

(Cross-Track Plane) 

Swath width is defined as the arc length (on the earth surface & 
through the sub-satellite point) that are covered by sensor meas 



Note: The IFOV centers are NOT equally spaced 
on the curved earth surface 







Satellite/Sensor Geometry - Across-Track Plane 


Swath width is defined as the arc length (on the earth surface & 
through the sub-satellite point) that are covered by sensor meas 


SW = 2y c ,p 


Satellite Velocity 
normal to page 



Note: y ct is in units of radians 











Example: Sensor Calculations Cross-track Scanner 

(Note: Incident plane equals cross-track plane) 















Example: Sensor Calculations Cross-track Scanner 

(Note: Incident plane equals cross-track plane) 


Satellite Velocity 
normal to page 



h = 832.0 km, <j>= ± 23.0 ° , 1.0 


Incidence angle @ edge of scan 

„ . i. 


0: = sin 


-1 


p + h 


P 


* sin (p 


max 


= 26.21° 


/ 


Central angle @ edge of scan - in cross-track plane 
Y ct = 0,- 0 max = 3.21° (0.0561 rad) 











Example: Sensor Calculations Cross-track Scanner 

(Note: Incident plane equals cross-track plane) 



sin 0 max ) 















Satellite Velocity 
normal to page 


Sensor Calculations Cross-track Scanner cont. 

(Note: Incident plane equals cross-track plane) 

Swath Width 

SW = 2 y ct p 

= 2*0.0561*6378.155 = 715.62 km 

(radians) 










Satellite Velocity 
normal to page 


Sensor Calculations Cross-track Scanner cont. 

(Note: Incident plane equals cross-track plane) 

Swath Width 

SW = 2 y ct p 

= 2*0.0561*6378.155 = 715.62 km 

IFOV @ sub-satellite point (nadir cell) 

IFOV diameter = h * [j * (radians) 

= 832*0.01745“=^ 14.52 km 












Sensor Calculations Cross-track Scanner cont. 

(Note: Incident plane equals cross-track plane) 



IFOY dia (along-track) = Rx /? = 914.74 x 0.01745 = 15.96 km 















Sensor Calculations Cross-track Scanner cont. 

(Note: Incident plane equals cross-track plane) 

Swath Width 

SW = 2 y ct p 

= 2*0.0561*6378.155 = 715.62 km 

IFOV @ sub-satellite point (nadir cell) 

IFOV diameter = h* * (radians) 

= 832*0.01745“=^ 14.52 km 




IFOV dia (along-track) = R x (3 = 914.74 x 0.01745 = 15.96 km 

IFOV dia (cross-track) = R x P / cos 6 

= 914.74 x 0.01745/ cos(26.21° ) = 17.80 km 













Conical Scanning Sensor 



Conical Scanning Sensor Geometry 



Polar View Incident 

Plane 
(rotating) 


Sat. 

Velocity 


Note: Partial conical scan over ± W° azimuth 










Conical Scanning (Spinning) Sensor Geometry 


Antenna spin axis is aligned 
with the nadir direction 

Incident plane rotates in azimuth 

- Antenna line-of-sight is set to the^ 

desired cone angle 7 

• The incident angle, slant range Sf 
IFOV are constant over the scan \ 

\ 

- Antenna is spun at constant RPM 
(revolutions/min) 

- Measurements are usually made 
looking forward or aft over ± P 
deg azimuth 


Incident Plane 







Conical Scan: Measurement Arc (± V F) 



Satellite 

Subtrack 


Measurement arc 
on earth surface 




Conical Scanning Sensor Geometry - 
Measurements Contiguous Spatial Sampling 




Contiguous Spatial Sampling “just touching” along the scan 
direction and scan-to-scan in the direction of flight (along the 
satellite sub-track) 




Conical Scanning Sensor Geometry - 
Measurements Nyquist Spatial Sampling 



Nyquist Spatial Sampling 50% overlap along the satellite sub¬ 
track and contiguous sampling along scan 




Conical Scanning Sensor Geometry - 
Measurements Spatial Sampling - cont.-l 



Contiguous Spatial Sampling 
along track & Nyquist spatial 
sampling cross track (50% 
overlap) 




Nyquist Spatial Sampling 
along & cross-track (50% 
overlap) 




Conical Scanning Sensor Swath Width (SW) 
Measured in the Cross-track plane) 





Conical Scanning Sensor Geometry 

X-track plane 


earth surface 
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Polar View 











Conical Scanning Sensor Geometry - 

Locus of Conical Scan on earth surface 



earth surface 


Polar View 











Conical Scanning Sensor Geometry - 

All points on locus circle are moving @ Vg 



V 


Polar View 


















Conical Scanning Sensor Geometry 

X-track plane 



Line-of-sight 


r - R * sin $ 



Polar View 

















Conical Scanning Sensor Geometry 

Projection of Scan Arc to Cross-track Plane 


Cross-track 

plane 


Note: swath is the projection of the 
center of the edge-of-scan IFOV 



Conical-scan Arc 


T 

Sat. Velocity 


Polar View 


















Conical Scanning Sensor Geometry 


Cross-track 

plane 



T 


Sat. Velocity 



Polar View 















Conical Scanning Sensor Geometry 


Cross-track 
®\ Plane 

R 



= R * sin (j) 


cross-track 
Plane View 



T 

Sat. Velocity 


Polar View 
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Edge of Swath 


cross-track 
Plane View 


\ 



Cross-track 

plane 



V 

Sat. Velocity 


Polar View 

























Conical Scanning Sensor Geometry 




T 

Sat. Velocity 


Polar View 

























Conical Scanning Sensor Geometry cont. 


Cross-Track Plane 

sin(y ct ) = sin(y) * sin( T) 
y ct = sitr 1 {sin(y) * sin( t f / )} 

where y is measured in incident plane 

Swath Width = 2 py 


Swath Width 



Note: y ct is in units of radians 


Note: Swath width is the arc length on the earth surface 
measured in the cross-track plane 












Conical Scanning Sensor Geometry cont.-2 


Swath Width 
where: 



Note: y ct is in units of radians 


p= earth's radius = 6378.155 km 
y = central angle of swath in the cross-track plane 

• ct 

— arcSin|j»?^.-<E>) j 

ip = half azimuth of the active (measurement) swath 
0 = incidence angle 

<J> = nadir (cone) angle 

Y = (0-®) 

= central angle measured in the incidence plane 



Conical Scanning Sensor Geometry cont-3 
(Contiguous beams along-scan) 



Active scan length, S = 2* i//*r 
r = R* sin<E> and ^is in radians 


# Beams = Int 


L IFOV 


cross- trk - 


+ 1 



Active Scan Length 


I 















Example 1: Sensor Calculations Conical imager 
(for Incident Plane located @ ¥ = 0° ) 









Example 1: Sensor Calculations Conical imager 
(for Incident Plane located @ ¥ = 0° ) 


h = 


700.0 km, <D = 46.0° , p = 0.50 (0.00873 rad) 

Incidence angle 


6 =sin 1 

/ 

Central angle 


/ 


p + /i 


\ 


\ P 


* sin</> 


= 52.97 


/ 


Y =0.-0= 6.97° (0.1216 rad) 


Slant range 


R = p 


/ ■ \ 
sin y 


\sin0 


= 1075.48 km 



Example 1: Sensor Calculations Conical imager 
(for Incident Plane located @ ¥ = 0° ) 


h = 


700.0 km, <D = 46.0° , p = 0.50 (0.00873 rad) 

Incidence angle 


6 =sin 1 

/ 

Central angle 


/ 


p + /i 


\ 


\ P 


* sin0 


= 52.97 


/ 


Y =0.-0= 6.97° (0.1216 rad) 


Slant range 


R = p 


/ ■ \ 
sin y 


\sin0 


= 1075.48 km 


IFOV along subtrack: 

along—track = ^'P/ = 15.58 km 

* /cos# 

cross - track = R- J3= 9.39 km 



Example-1: Conical imager Calculations 

for ¥ = ±60° 

Active scan length, S = 2 * jp * r 
r = R* sinO and ip is in radians 

S = 2 * (*60*pi/180) * 1075.48 * sin(46° ) = 1620.3 km 



Example-1: Conical imager Calculations cont. 


Active scan length, S = 2 * ip * r 
r = R* sinO and ip is in radians 

S = (2 * 60° *pi/180)* 1075.48 * sin(46° ) = 1620.3 km 




Example-1: Conical imager Calculations cont. 


Active scan length, S = 2 * ip * r 
r = R * sinO and jJj is in radians 


S = (2 * 60° *pi/180)* 1075.48 * sin(46° ) = 1620.3 km 


# Beams 


Int 


IFOV 


cross- trk 


+ 1 


173 


# of contiguous IFOV’s in the active arc length 
Calc Swath 

y ct = shr'lsiniy) * sin(‘f / )}= 0.1052 rad 


SW = 2 y ct *p e = 2 * 0.1502 * 6378.155 = 1342.46 km 



Example-1: Conical imager Calculations 


Calculate antenna spin rate for contiguous sampling 



3.986e + 5 
7078.155 


= 7.50 kml s 


T , T/ p n CA 6378.155 . 

V = V * ——— = 7.50 *-= 6.76 fcm /5 

g p + /? 7078.155 


During one scan, the along-track distance moved is 
Ax = IFO V along _ track =15.58 km 


The required spin period is 

T = Ax/V v = 15.58/6.76 = 2.304 sec 

A 6 

The antenna spin rate in revolutions/minute is 
Spin rate = 60/T s = 60/2.304 = 26.04 rpm 



Next lecture - more geometry 



